Effective use of spatial management in the pelagic realm presents special challenges due to high fish and fisher mobility, limited knowledge and significant governance challenges. The tropical Indian Ocean provides an ideal case study for testing our ability to apply existing data sources to assessing impacts of spatial management on tuna fisheries because of several recent controversial spatial closures. We review the scientific underpinnings of pelagic MPA effects, spatio-temporal patterns of Indian Ocean tuna catch, bycatch and fish movements, and the consequences of these for the efficacy of spatial management for Indian Ocean tropical tuna fisheries. The tropical Indian Ocean is characterized by strong environmental fluctuations, regular seasonal variability in catch, large observed tuna displacement distances, relatively uniform catch-per-uniteffort and bycatch rates over space, and high fisher mobility, all of which suggest significant variability and movement in tropical tuna fisheries that are simply not well adapted to static spatial closures. One possible exception to this overall conclusion would be a large time/area closure east of Somalia. If closed for a significant fraction of the year it could reduce purse-seine bycatch and juvenile tuna catch. Dynamic closures following fish migratory patterns are possible, but more focused information on fish movements will be needed for effective implementation. Fortunately, several recent improvements in conventional fishery management and reporting will likely enhance our ability to evaluate spatial and non-spatial management options in the near future, particularly as pertaining to bycatch species.
Introduction
The potential benefits of using spatial approaches for the management of pelagic ecosystems and the fisheries that depend on them, such as by implementing marine protected areas (MPAs) or time/ area fishery closures, have received significant attention recently (Sumaila et al., 2007; Game et al., 2009) . The ecosystems affected by these offshore closures differ significantly from coastal ecosystems targeted by most existing marine spatial management efforts. Together with other factors, pelagic ecosystems are generally characterized by larger spatial scales, greater mobility of the species concerned (Grüss et al., 2011a) , limited knowledge of ecosystem functioning and diversity, and increased challenges to effective governance (Cullis-Suzuki and Pauly, 2010) . These factors have generated considerable debate regarding the efficacy of spatial management for pelagic ecosystems that are highly dynamic in space and time (Kaplan et al., 2010a; De Santo et al., 2011; Dueri and Maury, 2012; Sibert et al., 2012) . As pelagic spatial management is in its infancy, few case studies have received sufficient scientific examination to accurately determine their effects. Recent modelling work suggests that MPA benefits decrease significantly for mobile species (Le Quesne and Codling, 2009; Moffitt et al., 2009; Grüss et al., 2011b) , highlighting the importance of a detailed examination of the biological and fisheries dynamics of systems targeted by pelagic spatial management.
The tropical Indian Ocean (IO) provides an interesting case study for examining the potential of spatial closures for improving the status of tuna fisheries. As with other tuna fisheries around the world, the tropical IO is currently facing threats of overexploitation, overcapacity and ineffective conventional fisheries management (Cullis-Suzuki and Pauly, 2010; IOTC Scientific Committee, 2011) . At the same time, the IO has been the subject of three major and controversial spatial closures: (i) Somali piracy has enormously modified fishing in the Western IO since 2007; (ii) the Chagos EEZ was declared a no-take MPA by the UK in 2010; and (iii) the Indian Ocean Tuna Commission (IOTC), the regional fisheries management organization (RFMO) responsible for pelagic fisheries in the IO, instituted a large, 1-month annual closure east of Somalia in 2010. These spatial management measures have been championed by some (Pirates Love Fish -Somalia, 2009; Koldewey et al., 2010; Sheppard et al., 2012) , and questioned by others (IOTC Scientific Committee, 2010; De Santo et al., 2011; Kaplan et al., 2013) . Answering questions regarding the efficacy of existing and potential future pelagic spatial management efforts poses a major challenge due to significant limitations and gaps in data for the IO tropical tuna fisheries (Herrera and Pierre, 2010; Koldewey et al., 2010) , as for many other pelagic fisheries.
Here, the IO tropical tuna case study is used as a test of our ability to apply existing fisheries, remote sensing and scientific data sources to assess potential impacts of pelagic spatial management. Our analysis begins with a brief general overview of the potential impacts of MPAs on pelagic ecosystems, and is meant to complement more detailed reviews of MPA functioning to be found elsewhere Grüss et al., 2011a) . We then provide an overview of fisheries and management in the tropical IO, followed by a detailed examination of spatio-temporal dynamics of fish and fishers in the region. This information is applied to the analysis of the efficacy of existing and future pelagic spatial management efforts in the IO. We end with several perspectives for the appropriate use of pelagic spatial management in this region and other regions around the globe.
Potential effects of spatial management in the pelagic realm
The general consensus regarding the impact of MPAs and other forms of spatial closures on marine ecosystems gathered from results in coastal environments is likely to be significantly altered in pelagic ecosystems (Grüss et al., 2011a) . The vast majority of empirical coastal MPA studies have found significant increases in biomass, density and species diversity (Halpern and Warner, 2002; Micheli et al., 2004) . Increases are greatest for long-lived, top predators that have been significantly affected by fishing before MPA implementation, but are generally found throughout the ecosystem (Micheli et al., 2004; Claudet et al., 2010) . Evidence for benefits outside spatial closures is more limited and has primarily been observed in systems overexploited prior to reserve implementation (Roberts et al., 2001; Alcala et al., 2005; Murawski et al., 2005) . Theory points to conservation and fisheries benefits being strong functions of numerous factors, including, but not limited to, larval dispersal, adult movement and fisher behaviour Grüss et al., 2011a) . Overall, theoretical models find that conservation benefits are likely for any reserve big enough to retain larvae and adults over the entire life cycle (Botsford et al., 2001) , whereas fisheries benefits generally require overfishing prior to reserve implementation and are greatest for networks of many small reserves covering a significant fraction of the coastline (Hastings and Botsford, 2003; Neubert, 2003) .
Particularly relevant for pelagic ecosystems where mobility of marine species and fishers is significant, recent results from models with diffusive movement of adult individuals indicate that very limited adult mobility can increase yields (relative to no adult movement) around networks of MPAs that cover significant fractions of the coastline (Grüss et al., 2011b) . Nevertheless, more extensive movement in limited networks of MPAs is highly detrimental to their conservation and fisheries benefits because mobility rapidly eats away at the core MPA benefit of protecting the full non-larval lifespan of individuals (Le Quesne and Codling, 2009; Moffitt et al., 2009) . Fishing effort reallocation in response to spillover from reserves also severely affects closure benefits (Grüss et al., 2011b) . Effective protection requires that reserves must be significantly larger than the home range size of individual fish (Moffitt et al., 2009; Grüss et al., 2011b) .
Despite this theoretical evidence suggesting reserves will be of limited value for highly mobile species, limited experimental results exist suggesting that MPAs have benefited mobile species (Roberts et al., 2001; Claudet et al., 2010; Pichegru et al., 2010) . These benefits can come about through several complementary mechanisms that are not well represented in existing theoretical literature. One is that modifications in habitat suitability inside MPAs attract mobile species to the MPA, thereby increasing MPA residency time. This has been observed in shelf ecosystems, where one expects biomass increases in less mobile, lower trophic levels to increase forage potential of MPAs for top predators (Parsons et al., 2010) . In the context of tropical tuna fisheries, habitat modification would translate into an increase in epi-or meso-pelagic forage species. As high-seas exploitation of pelagic forage species is currently weak in the IO (Salvanes and Kristofersen, 2001; Potier et al., 2007) , habitat modification is likely to be an interesting mechanism for pelagic MPA benefits principally in coastal waters and in the vicinity of shallow seamounts via, e.g., the island mass effect (Doty and Oguri, 1956) .
Another mechanism for MPA benefits for mobile species is polymorphism in individual behaviour, with some individuals being more sedentary and therefore better adapted to MPAs. Behavioural polymorphism has been noted in many marine species (Starr et al., 2004; Meyer et al., 2010) , although management with MPAs would obviously introduce selection in favour of sedentary individuals (Dawson et al., 2006; Miethe et al., 2010) . For pelagic species, little detailed information on behavioural polymorphism is currently available. Archival tagging studies have regularly found recurrent site use for individual top predators, but variability among individuals is often considerable (Jorgensen et al., 2010; Block et al., 2011; Schaefer et al., 2011) and it is currently unknown if differences in behaviour are due to intra-individual behavioural plasticity or inheritable animal "personalities" (Dingemanse et al., 2010) .
Perhaps the most general mechanism for MPAs benefiting mobile species is through displacement of fishing effort from areas or periods of high catchability or sensitivity to anthropogenic disturbance, such as nursery, reproduction or foraging sites/times, to areas/periods where target or bycatch species are less accessible. These "targeted" MPA approaches have received significant attention from those proposing the use of MPAs in pelagic ecosystems (Game et al., 2009) . High fisher mobility and significant financial investment required for offshore fishing provide strong incentives for fishers to remain in the fishery after MPA creation. It is, therefore, likely that some or all fishing effort previously inside MPAs will be displaced outside after closure, although the nature of these displacements is often complex and difficult to predict (Fulton et al., 2011) . A basic understanding of the effects of targeted MPAs and effort displacement has been developed using two-patch models (e.g. juvenile vs. adult). Results indicate that MPAs protecting juveniles are most effective, though MPAs around spawning areas or preferred foraging sites can produce benefits provided there is a strong difference in catchability inside and outside reserves (Pelletier and Magal, 1996; Apostolaki et al., 2002; West et al., 2009) . It is important to note, however, that these two-patch models do not generally include uncertainty in movement and behaviour, and therefore must be combined with spatially explicit models including adult movement to fully understand potential impacts. Taking into account the strong sensitivity of MPA benefits to spillover from reserves (Grüss et al., 2011b) , it is reasonable to assume that effective targeted MPAs will need to include a large portion of these "special" zones so that protection covers a significant fraction of individuals for a non-negligible part of their lifespan. If reserves are too small or not adequately placed, anthropogenic pressures will affect "reserve individuals" as they cross reserve boundaries, thereby reducing or removing MPA benefits.
Indian Ocean tropical tuna fisheries: overview and management
The IO is subject to a wide range of commercial and artisanal pelagic fisheries. Outside of continental shelf areas, these fisheries principally target the three main tropical tunas [skipjack (Katsuwonus pelamis, Scombridae), yellowfin (Thunnus albacares, Scombridae) and bigeye (Thunnus obesus, Scombridae)], with swordfish (Xiphias gladius, Xiphiidae), albacore tuna (Thunnus alalunga, Scombridae; in temperate zones) and shark spp. being lesser targets ( Figure 1 ). Skipjack has the smallest maximum size (typical adult size: 60-80 cm fork length; maximum ever recorded: 108 cm) and is the fastest to sexual maturity ( 40 cm, 1-2 years of age). As such, it is generally considered the least sensitive of the three main tropical tunas to overfishing. Yellowfin has a maximum size and age at sexual maturity that are both 2-3 times those for skipjack, entering the purse-seine fishery considerably before maturity (discussed later). Caught principally in surface waters, it is also adapted for subsurface feeding, as evidenced by the significant longline catch of yellowfin and archival tagging studies (Schaefer and Fuller, 2002) . Bigeye has a similar maximum size and age at maturity as yellowfin, but specializes as an adult in foraging at depth on mesopelagic species of the deep scattering layer, though it often schools at the surface with the other tuna species as a juvenile (Schaefer and Fuller, 2002) .
Relatively little is known about spatial and temporal patterns of artisanal and semi-commercial fisheries in the region as precise geolocations of fishing activity are generally lacking. As such, we focus here on commercial fisheries data. (See Appendix S1 for a detailed discussion of the data sources and methods used.) Though noncommercial fisheries are estimated to represent 50% of the total tuna biomass extracted from the IO, they are predominantly concentrated in coastal zones (Herrera and Pierre, 2010) . Therefore, although commercial fisheries data likely provide a reasonably large-scale picture of species distributions, they significantly underestimate total biomass extraction rates in coastal areas, such as the eastern coast of Africa and around the Indian subcontinent.
Commercial catch in the IO is predominantly from longline and purse-seine fishing (Table 1) , with pole-and-line and gillnet fishing being important in certain specific geographical areas (e.g. pole-and-line in the EEZ of the Maldives; IOTC Scientific Committee, 2011). The longline fishery targets primarily yellowfin (30% of biomass caught) and bigeye tuna (37% of biomass) in subsurface waters (typical hook depth ranging from 100 to 250+ m). Approximately 93% of the tuna biomass caught by longliners consists of large, fully mature individuals .100 cm fork length. Purse-seine fishing is more superficial than longline (maximum seine depth of 200 m) and is broken down into two distinct fishing modes: (i) fishing on free-swimming schools of fish not associated with any floating object, and (ii) fishing around floating objects, nowadays predominantly artificial, satellite-tracked buoys known as fish aggregating devices (FADs). The former catches predominantly large, mature yellowfin, skipjack and bigeye (70, 25 and 4% of biomass, respectively, 94% of yellowfin biomass and 77% of bigeye biomass consisting of fully mature individuals). FAD fishing targets principally skipjack (63% of biomass), although catch of yellowfin (28%) and bigeye (9%) are non-negligible, a large proportion of which are small juveniles. (Immature individuals ,65 cm fork length make up 44% and 60% of yellowfin and bigeye biomass caught, respectively.) Furthermore, FAD-associated tuna have been observed to have lower growth rates than free-swimming school individuals (Hallier and Gaertner, 2008) , although these results and the presumed causal link are controversial (Soria et al., 2009; Jaquemet et al., 2011; Dagorn et al., 2012) .
Bycatch rates and species compositions for the IO tuna fisheries vary significantly among the different fishing gears and modes. Purse-seine fishing on FADs has bycatch levels approximately three times that of free-swimming schools (6.6% vs. 1.7% of the respective tuna biomasses; Table 2 ), but both these rates are likely significantly lower than that of longline fishing and orders of magnitude less than certain other fishing methods, such as trawling (Harrington et al., 2005) . Note, however, that low bycatch rates are by no means a guarantee of small ecosystem impacts, as the sensitivity of the vast majority of bycatch species to harvesting is unknown.
Purse-seine bycatch species composition (Table 2) is dominated by non-target or very small tuna and tuna-like species (60% of bycatch biomass), other bony fish (29%), sharks [8.4%; principally silky sharks (Carcharhinus falciformis, Carcharhinidae) and whitetip sharks (Carcharhinus longimanus, Carcharhinidae)] and billfish (2.2%). Unfortunately, detailed data on longline bycatch for the IO is not currently publicly available. Comparisons with other regions of the globe, as well as studies in small regions of the IO, suggest that bycatch could represent as much as 20 -40% of the total longline catch, consisting primarily of mesopelagic sharks [e.g. blue sharks (Prionace glauca, Carcharhinidae) and mako sharks (Isurus oxyrinchus, Lamnidae)], but also containing significant numbers of other sensitive species, such as sea turtles and birds (Lewison et al., 2004; Liu et al., 2009; Kiszka et al., 2010) .
Conventional fisheries management
All tuna fisheries in the IO are of interest to the IOTC, though in practice this organization mainly manages industrial fleets, primarily comprised of European (purse-seine) and Asian (longline) foreign fleets. Currently there is no formal cap on fishing effort or catch in areas beyond national jurisdiction (ABNJ), and EEZ quotas are in general either non-existent or significantly exceed typical catch levels. This, as well as data quality issues, such as the lack of artisanal fisheries data (Herrera and Pierre, 2010) , have led some to severely criticize management by the IOTC (Koldewey et al., 2010; Sheppard, 2010) . A recent global assessment of RFMOs in terms of theoretical (e.g. use of modern stock assessment techniques) and practical (i.e. observed stock status) performance found that the IOTC has roughly average grades for theoretical performance (ranked eighth of 18 RFMOs) and high notes for practical Figure 1 . Spatial patterns of purse-seine catch on floating objects (a) and free-swimming schools (b), and longline catch (c). The area of each circle is proportional to the total catch in t/year/10 4 km 2 of ocean surface, and the size of each wedge represents the fraction of catch for each species. Values are averages for each 58 × 58 grid cell over the period [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] . Note that purse-seine data is collected on a 18 × 18 grid, but has been aggregated on a 58 × 58 grid to enhance visibility.
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performance (second of 14), though significant management and governance deficiencies were noted in all RFMOs (Cullis-Suzuki and Pauly, 2010) and some factors, such as lack of assessment for non-target species, were not included in their analysis.
Recent IOTC stock assessments suggest that none of the three main target tunas are overexploited, although yellowfin tuna has been at or near overexploitation in the recent past (IOTC Scientific Committee, 2011). In response, the IOTC Science Committee has issued a non-binding recommendation that total yellowfin catch not exceed 300 000 t/year (catch for 2010, including approximate estimates of artisanal catches, was just under this limit). Albacore tuna and swordfish are currently considered threatened by overexploitation, primarily due to Somali piracy pushing longliners into the southern IO (see section entitled The Somalia effect). Caution should, however, be used when interpreting assessment results due to the significant uncertainties and unknowns underlying single-species stock assessments (e.g. regarding movement, stock-recruitment relationships and environmental fluctuations). Furthermore, a number of bycatch and secondary target species, including several shark species, cannot be evaluated due to limited artisanal or bycatch data. Finally, the IO purse-seine fishery is relatively new, only reaching significant levels in the 1990s, and therefore current assessments may not be representative of long-term equilibrium conditions.
Existing spatial management efforts
There are currently three major "spatial management efforts" in the IO (Figure 2 ). First, Somali political instability led industrial fisheries to abandon the Somali EEZ in 2005 and piracy has significantly altered fishing activity in the rest of the western IO since 2007 (Chassot et al., 2010; Kaplan et al., 2010a) . Though not strictly speaking a reserve, as the spatial distribution of fishing effort has varied significantly from year to year (see The Somalia effect for details), these events provide significant insight into fishing effort reallocation and catch flexibility (Chassot et al., 2010) . Second, the Chagos Archipelago EEZ was declared a no-take MPA by the UK in 2010. This zone, located in the central IO, covers the entire British Indian Ocean Territory (BIOT) (roughly 650 000 km 2 ; fishing is only permitted in the 3 nautical mile territorial waters of the US military base on Diego Garcia Island). Internal government documents indicate that preventing prior residents of the Chagos Archipelago from returning to the islands and maintaining the large US military base were significant political motivations for creating the MPA (De Santo et al., 2011; Wikileaks, undated) . Nevertheless, its potential conservation benefits have been widely publicized (Koldewey et al., 2010; Sheppard, 2010; Wikileaks, undated) . In particular, Koldewey et al. (2010) and Sheppard et al. (2012) suggested that the Chagos MPA will likely result in considerable benefits for pelagic ecosystems via reductions in fisheries catch and bycatch. (Benefits for coral reef ecosystems were also indicated, but these will not be addressed here.) However, these conclusions were largely based on several debatable implicit or explicit assumptions, namely that mobility rates of pelagic species in the region are not so large as to render the Chagos MPA ineffective, and that the Chagos MPA will reduce overall IO tuna fishing effort. A deeper examination of the wider IO pelagic ecosystem and associated fisheries is necessary to evaluate the validity of these assumptions and potential MPA benefits.
Thirdly, the IOTC implemented in 2010 an annual 1-month spatio-temporal closure for purse-seine (November) and longline (February) fishing for a large zone east of Somalia (IOTC, 2010a). Though piracy in Somalia was likely important for determining its size and location, this closure was roughly modelled on a Atlantic 3-month spatio-temporal closure in the 1990s that appears to have been briefly successful in reducing juvenile big-eye tuna catch before succumbing to poor enforcement (Goujon and Labaisse-Bodilis, 2000; Torres-Irineo et al., 2011) . Preliminary scientific consensus is that closures for such a short period are unlikely to be effective and will be difficult or impossible to assess (IOTC Scientific Committee, 2010).
There are a number of other more minor spatial management efforts in the IO that will not be specifically addressed here. A closure for longliners between 75 and 200 nm from the Maldives Archipelago (IOTC Scientific Committee, 2010) will not be considered because fishing effort excluded has likely been replaced by the expansion of the Maldivian bait-boat fishing fleet and the development of a local Maldivian longline fleet (IOTC, 2011) . There are also plans for a number of closures around the French overseas territories known as the "Scattered Islands" (Iles Eparses) near Madagascar, directed in part at reducing impacts on swordfish, coastal sharks and seabirds. These are not considered because of their rapidly evolving regulatory status and likely limited spatial scale. Finally, Australia has placed 30% of its EEZ in MPAs with varying levels of protection (Barr and Possingham, 2013) . These areas are at the extreme limit of tropical tuna ranges, although they may have value for other pelagic species in the region.
Indian Ocean tropical tuna fisheries: spatio-temporal dynamics
Assessing the potential effects of pelagic spatial management in the IO requires a global understanding of IO physical and biological dynamics. We therefore begin with a brief overview of IO circulation and productivity, followed by a detailed examination of spatial and temporal patterns of tuna catch and bycatch.
Ocean circulation and primary productivity
IO circulation is particularly complex and distinct from circulation in the Atlantic and Pacific Oceans because, unlike these oceans, the IO is bounded to the north by land masses, and interactions with these land masses produce strong seasonal variability in wind forcing ( Figure 3 ; Schott and McCreary 2001; Schott et al. 2009 ). As a result, productivity in the IO is not driven by coastal upwelling along its eastern margin, as it is elsewhere. Rather, the alongshore alignment of summer monsoon winds produces localized upwelling along the Somali and Omani coasts during the boreal summer, and to a lesser degree east and west of the tip of the Indian subcontinent (Schott et al., 2009 ). This wind forcing produces summer/autumn surface circulation that is eastward north of the equator and westward south of the equator. During boreal winter and spring, monsoon winds reverse, driving a reversal of this surface circulation pattern, with westward flow north and south of the equator and eastward flow along the equator.
These patterns of surface circulation and upwelling produce predictable patterns of productivity ( Figure S1 ). Primary production in the tropical IO from July to October originates predominantly in the area around the Horn of Africa and the Arabian Peninsula, with secondary centres of productivity being located around the tip of the Indian subcontinent and near major island chains in the IO ( Figure S1a ). There is also a wide longitudinal band of weak productivity stretching from Indonesia to Madagascar (10-158S) associated with gradients in the surface wind stress curl (Schott and McCreary, 2001) . From March to June, productivity is uniformly weak over the entire IO ( Figure S1c ). In the boreal winter, productivity is intermediate between these two states ( Figure S1b ).
Proxies for abundance in large pelagic fisheries
In this paper, we use catch per unit time and/or area as the primary indicator of fish abundance. Whereas catch data has been used as a proxy for abundance in a number of different contexts (e.g. Ménard et al., 2007; Rouyer et al., 2008) , in others catch per unit effort (cpue) has been used (e.g. Myers and Worm, 2003 ; Worm and Tittensor, Figure 2 . Map of major spatial management zones in the IO: Somalia EEZ (cyan zone in the western IO), Chagos EEZ (cyan zone in the central IO), and the IOTC time/area closure (green). Also indicated are hypothetical yellowfin spawner (yellow) and bigeye spawner (red) zones used here to explore potential impacts of time/area closures for spawning habitats. Major regional industrial fishing ports are indicated with black stars. Kaplan et al. 2011 ). One of the underlying assumptions behind the use of cpue is that catch and fishing effort are not directly correlated with fish abundance, but rather catch must be normalized by effort to obtain a proper proxy for abundance. There are a number of reasons to believe that this assumption may not be valid for tropical tuna fisheries. Industrial tuna fishers are extremely mobile, regularly switching oceans in response to regulatory changes or fishing conditions (e.g. the IO purse-seine fishery was initially driven by boats moving from the Atlantic Ocean in the 1980s). French IO purse-seine vessel monitoring systems (VMS) data from 2004-2010 indicate that the average active boat annually explores an area whose maximum linear extent is 1960 nm (3630 km), crossing nearly 22% of the 18 × 18 grid cells used by the entire IO purse-seine fishery. This large mobility combined with the extensive use of technology (e.g. radio and satellite communication, satellite imagery, acoustics, FADs) allows fishers to quickly reallocate effort to productive areas. As a result, effort is likely correlated to abundance, resulting in cpue values that are quite uniform over space and Figure S6 ). This presumed link between effort and abundance is consistent with the fact that IO and Atlantic Ocean longline catch data are more strongly correlated than cpue, with climatic factors presumably driving tuna dynamics (Corbineau et al., 2010) .
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The cpue can also be a biased indicator of abundance due to fish migratory movements. An extreme example of this is the Mediterranean bluefin tuna fishery, where very high cpue values over a few months of the year are clearly not an indication of yearround abundance, but rather reflect migratory movements of bluefin from the Atlantic into the Mediterranean to spawn. While IO tropical tuna migrations are likely more limited than this, evidence exists for large-scale tuna movements, reflected in the regular fluctuations in the spatial distribution of catch that the fishers themselves interpret as migratory movements (see section Evidence for large-scale tuna movements). The bias caused by Potential of Indian Ocean pelagic MPAs migration is fundamentally related to the more general problem of implicitly assuming constant cpue over an entire space or time strata, which has been shown to produce a biased indicator of abundance (Walters, 2003) .
Finally, a good measure of fishing effort is currently lacking for purse-seine fishing on FADs. FADs concentrate fish in the absence of fishers, and recent FADs are often equipped with satellitetransmitting echosounders so fishers can identify fishable biomass remotely. As such, the "effort" associated with FAD fishing is principally in the deployment and positioning of FADs, but data on FAD use and trajectories are only now becoming available, and appropriate measures of fishing effort have yet to be identified.
Given these caveats regarding the use of cpue data as a proxy for abundance trends in tropical tuna fisheries, we use gear-specific catch as the primary indicators of abundance. Maps of cpue and effort are, however, available in the Supplementary data; Figures  S3 -S7 ). Sophisticated techniques exist to standardize cpue data for differences among space/time strata (Maunder and Punt, 2004) , however these have not been attempted here as, to our knowledge, they have only been applied to longline data (Chang et al., 2011) and are complicated to implement and justify.
It is important to highlight that fisheries catch data are subject to numerous biases that affect their utility as a proxy for abundance (Hilborn and Walters, 1992; Walters, 2003) . Of particular importance here, purse-seine is limited to surface schooling of tuna and, therefore, does not capture the dynamics of subsurface tuna populations, whereas longline fishing captures both (near) surface and subsurface individuals. Longline data is currently only available on the relatively coarse spatial resolution of 58 × 58, compared with the 18 by 18 resolution for purse-seine (though see Supplementary Methods and Table  S1 for attempts to partially address these limitations). Finally, recent Somali piracy has significantly altered the spatial distribution of fishing in the IO. As such, we have focused on the period 1993-2004 to estimate average spatial patterns of catch. Given this set of limitations, multiple lines of reasoning must be used whenever possible to confirm inferred patterns of fish habitat use and movement.
One particularly important source of concern regarding the use of fisheries data is the lack of accurate, spatially explicit artisanal, and illegal, unreported and unregulated (IUU) catch estimates. The absence of this data creates challenges for estimations of absolute catch or abundance, as e.g. are necessary for some stock assessment methods. However, here gear-specific industrial catch is used as a standard sampler for relative spatio-temporal distributions of tuna and other species. This is a legitimate method for assessing current distributions of these species that is not sensitive to the lack of artisanal and IUU data. Artisanal and IUU catch can effect what would be observed in the absence of fishing, and, therefore, it is important for assessing potential recoveries if all fishing is eliminated. In this context, it is likely that our calculations underestimate potential recoveries of tunas and bycatch species in coastal zones where artisanal fishing is most intense (Herrera and Pierre, 2010) . However, it is important to note that no current or proposed IO pelagic closure has an effective approach for controlling or eliminating artisanal and IUU catch, which is generally extremely difficult to do.
Spatial and temporal distributions of tuna and tuna fisheries bycatch
The general contours of IO pelagic ecosystems can be seen in the average spatial distribution of longline catch (Figure 1c ), which has a much larger spatial extent and longer history than the purse-seine fishery (Figure 1a and b) . Tropical tuna species are concentrated in a longitudinal band between 15ºS and 15ºN, as well as in the Arabian Sea, Mozambique Channel and, to a lesser extent, the Bay of Bengal. In the southern ocean, albacore and swordfish become more dominant, although bigeye and yellowfin tuna remain prevalent. Changes in the relative prevalence among species are consistent with the biophysical oceanographic provinces (Longhurst, 2006) , indicating that these regions are good representations of pelagic habitats (Reygondeau et al., 2012) , although none of the major pelagic species are strictly constrained to a single province. Spatial patterns of catch are not static in time, but rather vary on seasonal and inter-annual time-scales. During the July-October period of peak productivity along the coasts of Somalia and Yemen ( Figure S1a) , the purse-seine catch is dominated by FAD fishing east of Somalia for skipjack, as well as juvenile yellowfin and bigeye (Figure 4a ). The longline catch during this period is predominantly in the central IO and in the southern IO along a zonal region between South Africa and Australia (Figure 5a ). From November to February, the longline and purse-seine catch in the central IO intensifies (Figure 5b , and Figure 4b and e, respectively). The later is dominated by yellowfin catch on free-swimming schools over a zonal region from 0 -108S stretching from the Seychelles Archipelago (northeast of Madagascar) to the Chagos Archipelago (Figure 4e ). From March to June, purse-seine fishing descends into the Mozambique Channel and is a mixture of FADs and freeswimming schools, whereas longline is extremely intense east of Somalia (bigeye and yellowfin) and off the Arabian Peninsula (yellowfin) (Figure 5c ).
These seasonal patterns suggest changes in habitat quality and accessibility for the different fishing methods, as well as large-scale tuna movements. Notably, seasonal patterns are quite different and often opposed between purse-seine and longline fishing ( Figure 6 ). This has generally been attributed to changes in the vertical distribution of tuna that favour one or the other fishing method, as well as differences in the spatial distribution of the different age classes and species targeted by the two methods Fonteneau et al., 2008) . For example, in the Chagos region (Figure 6c ), longline fishing occurs over the entire period that tuna habitat quality is good, whereas purse-seine fishing is limited to the period when habitat quality is good and the depth of peak habitat is relatively shallow (Figure 7 ; Appendix S2). The fact that both fishing methods have weak or non-existent catch between March and July suggests that most tuna actively move out of this region during periods of poor habitat quality. This hypothesis is supported by seasonal patterns in the Seychelles EEZ northeast of Madagascar that are similar to those of Chagos, but 1 -3 months later in the year (Figure 6d ), suggesting tuna movement from east to west over this period, potentially linked to reproduction (see section Juvenile and spawner distributions). In the IOTC closure area, fishing is more continuous, but there are also periods of relatively weak fishing (e.g. December-January; Figure 6b ).
Significant interannual variability in catch for the different IO zones is evident from the large variance around median seasonal patterns ( Figure 6 ). Though all zones examined experience large changes in catch values of 20 -50% from one year to the next (Figure S8 ), the IOTC closure zone can be considered relatively stable over time, whereas the Chagos EEZ is characterized by particularly strong interannual variability. This variability reflects Potential of Indian Ocean pelagic MPAs shifts in the spatial distribution and intensity of fishing activity, such as the eastward movement of purse-seine fishing during the 1997-1998 El Niño period ( Figure S9 ) Meyers et al., 2007) and the extremely large catches of adult yellowfin off the east coast of Africa resulting in boom longline and purse-seine catch levels over the period [2004] [2005] (Figure 8 ) (Fonteneau et al., 2008) . Though the underlying causes of these shifts are often poorly understood, large-scale climactic forcing (Susanto and Marra, 2005; Wiggert et al., 2009) driving changes in catchability (e.g. related to thermocline depth) and/or large-scale fish movements in pursuit of optimal foraging opportunities is considered a major factor Fonteneau et al., 2008) .
Reliable, large-scale bycatch data for the IO only exist for the purse-seine fishery. Bycatch rates and species composition for FAD fishing are relatively homogeneous over space compared with those for free-swimming school fishing (Figure 9 ). Rates for FAD fishing are highest east of the IOTC time/area closure (Figure 9a ), although extrapolated total bycatch values are highest inside the closure due to the larger total tuna catch in that area (Figure 9c ). Bycatch rates for free-swimming schools are highest in and around the IOTC time/area closure (Figure 9b ), as well as off the Arabian Peninsula (not shown), although in both cases the number of observations is very limited (,5 sets off the Arabian Peninsula; 9 sets for the bycatch rate in the southern Somali EEZ, with a single set reporting the vast majority of the bycatch).
Juvenile and spawner distributions
Of particular interest for pelagic MPAs in the IO are the juvenile and spawning habitats of tropical tuna species. The distribution of juveniles, as assessed by catch of small individuals by purse-seiners, is quite uniform among the three main tropical tunas (yellowfin: Figure 10 , bigeye: Figure S10 , skipjack: Figure S11 ). FAD catch indicates that juveniles are concentrated off the west coast of Africa, with peak densities found in the zone where seasonal upwelling occurs off the Somali coast (Figure 3 ). Free-swimming school catches suggest that the Mozambique Channel may be a secondary centre for juveniles, though catch values are much lower than those for FADs ( Figure 10b ). Additional smaller juvenile populations in the eastern IO are likely based on the periodic presence of a few Japanese purse-seine boats fishing principally on FADs in the region.
By contrast, the distribution of spawners varies considerably among the different tropical tuna species. Skipjack are opportunistic spawners that reproduce all year round (Stéquert et al., 2001) . Their spatial distribution covers a wide swath of the western and central IO (Figure 1a ; IOTC, 2011). Yellowfin tuna show considerable seasonal variability in spawning activity, with peak spawning occurring between November and February (Stéquert et al., 2001) . The average catches of large yellowfin during this period by Japanese and Taiwanese longliners (Figure 11a ) indicates multiple potential centres of spawning activity, including the Mozambique Channel, the Seychelles Archipelago (northeast of Madagascar), the Arabian Sea and the Bay of Bengal (listed in approximate order of importance). Little is known about bigeye reproduction in the IO, but studies in other geographic regions suggest little seasonality in spawning (Zhu et al., 2010) . Assuming this is the case, longline catch of large individuals indicates that would-be spawners are concentrated principally in the area between the Somali and Chagos EEZs (roughly centred around 08N 608E) with secondary centres of reproduction in the eastern and southern IO (Figure 11b ).
Evidence for large-scale tuna movements
Regular seasonal patterns of purse-seine and longline catch with weak or non-existent fishing in some areas and seasons, as well as the absence of juveniles from some adult areas, suggest large-scale ontogenetic and migratory movements of tropical tunas in the IO. Nevertheless, it is often difficult to unequivocally separate migration from changes in catchability and uneven fisheries effort distribution. Detailed studies using natural and artificial tracers of individual fish movements are required to confirm movement patterns (Kaplan et al., 2010b) .
As movement studies in the IO are currently limited, it is useful to gain perspective on the movements of tuna and other top predators from oceans where more extensive information is available. Applying a spatially and temporally structured advection -diffusion model to mark -recapture data, Sibert and Hampton (2003) found mean lifetime skipjack displacements in the western Pacific of the order of 420-470 nm, with considerable seasonal and interannual variability consistent with relatively small-scale migration and response to environmental variability (Sibert et al., 1999) . Yellowfin were found to have lifetime displacements 20% lower than those for skipjack. Based on these limited spatial scales of movement, several authors have argued for "regional residency" of tunas in the Pacific and highlighted the potential for spatial management of these stocks (Sibert and Hampton, 2003; Schaefer et al., 2011) . Nevertheless, recent spatially explicit tuna population models integrating tuna movement rates have found only very limited benefits from closures (Dueri and Maury, 2012; Sibert et al., 2012) .
This concept of regional residency is supported by archival tagging studies in the northeastern Pacific, which found that adult yellowfin make regular alongshore migrations over spatial scales of roughly 300-600 nautical miles, with 95% of positions ,730 nautical miles from the release point (Schaefer et al., 2011) . Fish released in more northerly, colder waters moved over larger spatial scales than those released further south, potentially related to physiological limitations imposed by temperature gradients (Block et al., 2011) . Juvenile yellowfin and bigeye in the northeastern Figure 7 . Seasonal cycle of fraction of time that prime yellowfin tuna habitat is shallow (habitat suitability index ¼ 0.5 is shallower than 60 m depth; solid curve) and peak habitat is of good quality (habitat suitability index .0.7; dashed curve) in the Chagos EEZ. See Appendix S2 for more details. 1738 D. M. Kaplan et al. (Schaefer et al., 2007) and north-central (Itano and Holland, 2000) Pacific show no such cyclical movements, suggesting these migrations are linked to reproductive limitations imposed by the strong upwelling regime of the eastern Pacific. In contrast to yellowfin, adult bigeye in the Pacific show little evidence of migratory movements, but rather have diffusive or home range movements over spatial scales of the order of 100 -700 nm, with 95% of movements being within 1050 nautical miles of the release point (Schaefer and Fuller, 2009) .
A large survey of the (principally adult) movements of 23 species of top predators in the North Pacific found a variety of different movement patterns, ranging from alongshore migrations (e.g. Figure 8 . Time-series from 1980 -2009 of catch for purse-seine on floating objects (b), purse-seine on free-swimming schools (c), and longline (d) for the Somalia EEZ (solid black curve), a 300 nautical mile buffer around the Somalia EEZ (dark grey curve), a large zone comprising the majority of Somali pirate activity (light grey curve) and the entire IO (dashed black curve). Zones were chosen to illustrate interannual variability in catch, as well as regional effects of Somali piracy (a). Also shown are the fractions of total purse-seine catches that are on floating objects (e). Annual catches are calculated from July -June (i.e. catch for 2007 is from July 2007-June 2008) so as to best capture seasonal patterns.
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yellowfin tunas, shortfin mako sharks and blue whales) to extensive onshore-offshore movements (e.g. blue, white and salmon sharks, leatherback turtles, Laysan albatrosses) . Individuals from a number of species made repeated use of specific areas with well-defined migration corridors between high-use areas, although variability among individuals of the same species was at times significant (e.g. salmon sharks), and limited multi-year timeseries found significant variability in movements from one year to the next for some, but not all, individuals. It should also be noted that these individuals (tagged primarily in highly productive coastal waters of the Northeast Pacific) might not be representative of individuals from the less productive central Pacific where the majority of tuna fishing occurs.
Movement data from the IO are both globally consistent with those found in the Pacific, but also show a number of important differences. A large mark-recapture program in the IO for skipjack, juvenile bigeye and juvenile yellowfin found that all three species had similar recapture patterns, with individuals typically reaching displacements of 400 -1000 nautical miles in 3 months (yellowfin: Figure 12 ; skipjack and bigeye: Figure S12) (IOTC, 2008) . Although these distances cannot be immediately interpreted as movement rates due to spatial and temporal biases in fishing activity and tag reporting rates, they indicate rapid and large-scale movements by a significant portion of these populations. The observed displacements are superior to those found in the other tropical oceans, potentially due to the large monsoon-driven climactic variability in the IO (Figure 3) , though biases in reporting rates and differences in study design cannot be eliminated as explanations without further study. Mean displacements stabilize after 3 months (Figure 12, Figure S12 ) and recaptures are concentrated in the area already identified as juvenile habitat (Figure 10,  Figure 13 ), suggesting either that small tuna are resident in the northwest IO or that observed displacements are limited by the extent of the purse-seine fishery. Movements into the central IO, southern IO and even the Atlantic are possible, but are represented by a small number of observations (Figure 13a) . Interestingly, the large increase in displacement distances from the Atlantic (blue curve in Figure 12 ) after 15 months at sea is due to the recapture along the west coast of Africa of yellowfin marked off the eastern USA, demonstrating both the real biases in observed displacement rates created by spatially heterogeneous fishing patterns and the significant potential for large-scale migrations in tropical tunas.
These IO results contrast with those from two previous smaller skipjack mark -recapture programs from the Maldives, which found limited movement outside the area (Adam and Sibert, 2002) . However, these programs consisted exclusively of mark and recapture events by the Maldivian pole-and-line fishery, which is essentially limited to the Maldivian EEZ. As such, movements outside this area were estimated indirectly via spatio-temporal differences in tag attrition rates, which is inherently difficult. Furthermore, the authors noted inconsistencies between the two studies and large spatio-temporal variability, concluding that more extensive mark-recapture programs, including all tuna fisheries, were needed to understand exchanges of tuna between the Maldives and other parts of the IO.
The Somalia effect
The area in and around the Somalia EEZ is the only "closure" in the IO that has existed for long enough to permit a reasonable examination of its effects. Unfortunately, however, this zone is far from a traditional MPA. Whereas the EEZ itself has been largely off limits for industrial fisheries since approximately 2005 due to inability or unwillingness to sign fishing agreements given the extremely turbulent political environment, piracy has had a much more variable impact on IO tuna fisheries in surrounding areas. In response to initial pirate attacks on fishing vessels in 2007, industrial fisheries agreed in 2008 to avoid an area extending to 100 nautical miles beyond the Somali EEZ boundary (Kaplan et al., 2010a) . This agreement rapidly proved ineffective as pirates increased the spatial scale of their activities (Chassot et al., 2010) , leading European purseseine boats to bring armed personnel on board for protection in 2009. Since then, purse-seine boats operate up to the EEZ boundary, whereas longliners have largely abandoned a significant fraction of the western IO (Figure 8d ). This has led to a major reorganization of longline fishing effort, with 30% of IO longliners moving to the Atlantic or Pacific and remaining boats shifting effort primarily to albacore and swordfish fishing in the southern IO (Okamoto, 2011) , creating concerns of overfishing for these species (IOTC, 2011) .
Despite this variability, there are a number of interesting lessons to be drawn from the effects of this perturbation on fishing activities. One is that post-piracy longline catch levels are currently consistent with effort reallocation, maintaining cpue levels for those longliners remaining in the IO, though a longer time-series and more extensive analysis are necessary to confirm this. The longline catch rate over the period July 2008-June 2010 is about a third less than the average over the period 1993-2004 (Figure 8d) . Assuming a 30% drop in longline fishing effort due to boats moving out of the IO and uniform (month-by-month) effort displacement outside the large yellow zone in Figure 8a for those longliners remaining in the IO, one would predict a 34% drop in IO longline catch. A similar calculation assuming all effort inside the zone disappeared or moved outside the IO after 2007 would predict a 43% drop in longline catch. Note that boats that have left the IO continue to fish elsewhere, and, therefore, local reductions should not be confused with global reductions in tuna catch.
Another lesson is that effort reallocation may significantly differ from expectations (Fulton et al., 2011) . Given that the historical purse-seine catch in the Somalia EEZ and surrounding areas is predominantly on FADs, one might expect a drop in FAD catches over recent years. Instead, the FAD catch has remained stable (Figure 8b) , whereas catch on free-swimming schools has dropped by 50% (Figure 8c ). The fraction of purse-seine catch on FADs is now at its maximum historical level of 84% (Figure 8e ). The explanation 
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for these patterns lies in the differences between the two purse-seine fishing methods. Whereas fishing on free-swimming schools requires considerable search time and 50% of sets are null, FAD fishing is faster and more consistent (Chassot et al., 2010) . Faced with the threat of piracy, purse-seiners appear to have opted for the security of FAD fishing.
Finally, there is anecdotal evidence that the removal of commercial fishers from the Somali EEZ and surrounding areas has been a boon to coastal artisanal fisheries (Pirates Love Fish -Somalia, 2009) . Though this is difficult to verify, increased contentment and food security may represent a positive outcome for this crisis contributing to local sustainability and poverty alleviation that could play a non-trivial role in solving regional problems.
Consequences for spatial management in the tropical Indian Ocean
The overall view of the pelagic ecosystem in the tropical IO presented above allows us to draw a number of insights regarding existing and hypothetical closures in the zone. The Chagos MPA is central to neither the purse-seine nor the longline fishery (e.g. the 1-month IOTC closure area represents more purse-seine catch and 40% of the longline catch taken over the entire year in the Chagos, Table 1 ; Figure 3 ) and hotspots of catch of juveniles and putative spawners are located outside the area (Figures 10, 11 , S10 and S11). Though FAD-fishing bycatch rates are relatively high, those for free-swimming schools, the principal purse-seine activity in the Chagos, are extremely low (Table 2) . Displacement distances for juvenile tunas marked elsewhere in the IO significantly exceed the spatial scale of the Chagos MPA ( Figure 12 ). As larger fish generally have the potential to swim faster than smaller fish (Blake, 2004) , it seems reasonable to hypothesize that fully mature yellowfin and bigeye tunas typically caught in the Chagos are at least as mobile as juveniles. Ontogenetic and migratory movements into and out of the Chagos are consistent with the absence of juvenile catch (Figure 10 ), weak fishing activity during portions of the year (Figure 6) , low habitat quality estimates during these periods (Figure 7) , spatio-temporal patterns of catch suggesting seasonal migrations (Figures 4 and 5) , and high mark-recapture displacement distances (Figure 12 ). This migratory activity would render fish accessible to the fishery elsewhere in the IO and significantly reduce MPA benefits (Grüss et al., 2011b) . The region does represent a significant fraction of the purse-seine fishing activity during certain periods (10-20% of catch from November to January; Figure S13) , and, therefore, could have an impact through effort displacement. Spatially uniform cpue ( Figure S3 ) suggests that effort displacement is unlikely to reduce overall catch, though reductions of catch of specific species and/or size classes are possible. Finally, possible residency of adult individuals in the Chagos cannot be eliminated without movement studies specifically targeting the area, but catch data suggest that any resident population represents a limited fraction of the individuals using the area (e.g. minimum longline catch rates in May are just 25% of maximum longline rates and 1.6% of the maximum monthly total extraction rate; these figures become 30% and 5%, Figure 12 . Mean great-circle mark -recapture distances from juvenile yellowfin tuna mark -recapture programs in the Indian (green), Atlantic (blue) and western-central Pacific (orange) oceans as a function of months between mark and recapture times. Grey boxes and whiskers are standard boxplots representing the minimum, first quartile, second quartile, third quartile, and maximum for IO data. See Appendix S1 for more information on data sources and methodology. respectively, if all catch in all overlapping grid cells is considered to occur in the Chagos EEZ).
By contrast, the Somali EEZ and IOTC time/area closures are both central to ecosystem dynamics and tuna fisheries in the IO. Of particular relevance for spatial management are the relatively high purseseine bycatch and significant juvenile catch in these zones. Although absolute industrial catch figures in the Somali EEZ are not particularly important (purse-seine . 2.5 times that in the Chagos EEZ; longline roughly equivalent for the two EEZs; Table 1 ), the area is central to the upwelling-driven productivity in the IO (Figure 3) and is prime juvenile tuna habitat (Figure 10a ). Due to the importance of FAD fishing in the area, bycatch and juvenile catch are significant, despite relatively low FAD fishing bycatch rates (Table 2 ). These comments also pertain to the IOTC time/area closure, but on a bigger scale. Over the entire year, this zone represents 21% of all commercial fishing in the IO, 47% of purse-seine juvenile catch, and 46% of purseseine bycatch. Nevertheless, the IOTC closure is not year round, but rather covers only 1 month per year. As the months chosen for closure (November for purse-seine and February for longline) are far from peak catch levels (Figure 6b ), there would seem to be significant potential for intensifying fishing in surrounding areas, as well as before (purse-seine) or after (longline) the closure period, to recuperate lost fishing opportunities due to the closure. Furthermore, purseseiners may be able to modify the timing and placement of FADs, taking advantage of prevailing currents (e.g. launching them in September-October southwest of the closure so FADs pass through the area and exit to the east) to entrain fish outside the zone. Finally, strong seasonality of fishing in the area ( Figure 6 ) and large mark-recapture displacement distances (Figures 12 and 13 ) suggest movements beyond closure boundaries. Therefore, the consequences of effort displacement need to be carefully considered before concluding that the Somalia EEZ or IOTC closures will be beneficial.
One way of bringing together a certain number of these observations is to use spatio-temporal distributions of effort and cpue to estimate impacts of closures with and without effort displacement. We predicted changes in overall, juvenile and spawner tuna catch, as well as purse-seine bycatch, assuming that cpue is not affected by effort displacement and that gear-specific (i.e. longline, purse-seine on FADs and on free-swimming schools) effort is displaced to areas outside closures on a monthly basis proportional to historical spatial distributions of effort (see Appendix S1 for detailed methodology; see Murua et al., 2011, and Martin et al., 2011, for similar approaches) . Calculations are performed for existing closures, as well as for the IOTC closure as if it was year-round and two hypothetical closures targeting spatio-temporal hotspots of yellowfin and bigeye spawning (Figure 2) . The results are summarized in Table 3 (see Table S3 for gear-specific results) alongside calculations assuming effort disappears after closure implementation and a hypothetical scenario whereby effort concentration becomes ineffective after a certain (arbitrarily chosen) level of intensification.
As expected from spatially uniform cpue levels in the IO, changes in overall catch are predicted to be small if effort is displaced outside closures. For example, the IOTC closure year-round is predicted to reduce catch 20.9% if effort in the closure disappears, but to increase the catch by 0.6% if effort is displaced. However, such effort redistribution would require very high levels of effort concentration during certain months of the year (e.g. 300 -400% of normal levels for purse-seiners; last column of Table 3 ). Experience from the effects of Somali piracy suggest that a non-negligible number of fishers would leave the IO if faced with this level of concentration, Table 3 . For each zone and performance-statistic combination, the first, second and third values shown are: (i) change in IO total with full effort displacement, (ii) change with effort concentration capped at a factor of 2, and (iii) change assuming fishing effort previously in closure zones disappears. The second value is shown only when different from the first. b Effort displacement was calculated on a month-by-month basis (assuming total monthly effort remains constant for each gear type) and then aggregated over gear types. c Percentage change values that are negative (meaning reductions), even if effort is fully displaced outside closures, are shown with a grey background. Effort multipliers superior to 2 are similarly indicated by a grey background. This latter limit is an arbitrarily chosen visual aid not meant to indicate significance. d
Small sample size prohibited calculations of change in bycatch at the monthly level. Rather, changes in catch were aggregated on a yearly level on 58 × 58 grid cells and then these were multiplied by bycatch per unit catch estimations to produce final changes in bycatch levels. e "All (1-month)" is the sum of the Somalia EEZ, Chagos EEZ and the IOTC 1-month closure. "All (year-round)" is similar but with the hypothetical year-round IOTC closure. f "Yellowfin spawner zone" and "bigeye spawner zone" are the hypothetical closures for mature yellowfin and bigeye during their respective spawning periods ( Figure 2 ).
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and, therefore, changes at the level of the IO are likely to be intermediate between results for full and zero effort displacement. Reductions in catch of mature yellowfin, mature bigeye and purseseine bycatch are similarly small or non-existent if effort is displaced, although a number of scenarios produce non-negligible reductions in juvenile catch. The results for mature yellowfin are particularly surprising, with a number of scenarios significantly increasing catch, presumably because mature yellowfin are more accessible outside closure areas or periods. Neither of the hypothetical spawner closures is robust to effort displacement, though the bigeye closure has the unexpected consequence of reducing purse-seine bycatch by 8.4%. In theory, closure of the Somali EEZ reduces purse-seine bycatch by 2.9% even if effort is displaced, but bycatch rate estimates in this area are erratic due to the small number of observations (Table 2) . Juvenile catch is the catch category that is most robust to effort displacement, with the Somali EEZ and the IOTC closures reducing juvenile catch between 2.5 and 10.3% with effort displacement.
These rather modest results by no means close the door to pelagic MPAs contributing to management of tropical tuna fisheries, but MPA benefits will require violating the assumptions underlying these predictions. The glaring weakness in the analysis above is the lack of longline bycatch estimates. As longline catch differs in species composition and size classes, purse-seine bycatch changes are unlikely to be representative of those for longliners, and significant spatial heterogeneity in longline bycatch rates is likely. Movement rates for certain species or portions of tuna populations that are significantly smaller than those observed in tuna mark-recapture programs may also lead to MPA benefits for those populations. Finally, effort cannot be indefinitely redistributed outside closures without reducing cpue, and experience from Somali piracy suggests large closures will export fishing effort to other oceans.
The analysis above indicating limited utility of the Chagos MPA for reducing impacts of tropical tuna fisheries differs significantly from those of Koldewey et al. (2010) and Sheppard et al. (2012) , which predicted significant benefits for pelagic species from the Chagos MPA. One reason for this is that these authors concentrated almost exclusively on the Chagos region. For example, Koldewey et al. (2010) estimated longline bycatch of sharks in the Chagos by multiplying longline effort by bycatch rates found in other oceans. They estimated that 59 749 sharks were taken by longliners in the Chagos over a 5-year period, but this result is of little practical use without an estimation of the mortality rate that would result in overexploitation or spatial patterns of bycatch rates, particularly when compared with estimates from other sources of IO shark mortality indicating 500 000-1 000 000 sharks killed each year (Filmalter et al., 2013) . If Koldewey et al.'s (2010) methodology was used for the entire IO, then longline bycatch would just reflect the longline effort found in Figure S7c , and, therefore, would be highest outside the Chagos. Furthermore, taking into account the rather uniform patterns of cpue in the IO and the high mobility of pelagic fish and fishers, it is likely that real reductions in catch and bycatch due to the Chagos MPAwill substantially differ from predictions based on total effort elimination. Another reason that our conclusions differ is that Koldewey et al. (2010) quoted lifetime displacements of 400 -500 nautical miles for IO tropical tunas, whereas the data actually support displacements of juvenile tunas over a 3-month period of the order of 400 -1000 nautical miles (Figure 12 ). These movements are unlikely to represent lifetime displacements due to the limited spatial extent of the purse-seine fishery, the age classes targeted, and evidence for migratory movements. Furthermore, recent modelling work of Pacific and IO tunas integrating similar movement rates (Dueri and Maury, 2012; Sibert et al., 2012) contradict prior predictions of significant benefits from Chagos-size pelagic MPAs (Sibert and Hampton, 2003) and cited by Koldewey et al. (2010) and Sheppard et al. (2012) .
The potential value of dynamic pelagic MPAs that track fish or mobile habitat features is currently difficult to assess in the IO. Seasonal patterns of catch, as well as spatial differences in the distribution of juveniles and adults, suggest ontogenetic and seasonal migrations. In addition to FADs, turbulent eddies and frontal zones have been shown to concentrate certain top predators in the region (Tew Kai et al., 2009) . Though these behaviours could in principle be used to develop dynamic MPAs in the IO, the missing key element is detailed individual-based data on movement and site fidelity (Grüss et al., 2011b) . Without this information, one cannot assume that individuals of target species spend a significant fraction of their fishable lifespan inside protected areas. Tuna residency times around FADs of the order of days to several weeks (Itano and Holland, 2000; Ohta and Kakuma, 2004) suggest that caution should be used when attempting to design dynamic MPAs to protect individuals around these and other habitat features.
Data gaps
Implementing effective pelagic MPAs for tuna and tuna bycatch species, as well as quantifying their impacts on pelagic populations, will require filling a number of important knowledge gaps. These gaps can roughly be divided in two categories: those that pertain to improvements in the collection of fisheries data, and those that will require additional fundamental research. Among the prior, lack of accurate estimations of bycatch rates is perhaps the most important. Reporting of bycatch rates by longliners is extremely limited worldwide (Lewison et al., 2004) , and until recently only 5 -6% of IO purse-seine fishing trips carried observers, making it difficult or impossible to assess the status and identify hotspots of many bycatch species (Amandè et al., 2012) . This data gap can be readily filled via expansion of bycatch observer programs, which also significantly enhances the credibility of target-species catch data.
Limited public availability of fine-scale fisheries data is another important data gap. Most longline data worldwide, as well as some size-specific purse-seine fisheries data in the IO, are only publicly available at a 58 × 58 resolution, which is often insufficient for MPA assessment. For example, the Chagos EEZ is covered principally by a single 58 × 58 grid cell, with six other grid cells covering smaller sections of the area, making precise, intra-and inter-site estimations of fishing activity difficult (although consistency of results across all overlapping grid cells add credence to our conclusions regarding the Chagos MPA; Table S1 ). Furthermore, only very limited data is currently available regarding the number and location of FADs, critical information for assessing the impact of these devices on pelagic species. Finally, quantifying the spatial and temporal impacts of artisanal and semi-industrial fisheries remains extremely challenging in the IO and elsewhere (Herrera and Pierre, 2010) .
Fortunately, several of these fisheries data limitations are being addressed in the IO, and similar improvements are being made in other RFMOs worldwide. A regional observer program for surveying catch and bycatch has recently begun to collect data aboard longliners, driftnetters and gillnetters in the IO (IOTC, 2011), and the ISSF, an NGO representing most tuna canning companies, will require all purse-seine boats selling to participating canners to have on-board observers as of 2013. The IOTC has also recommended a ban on 1744 D. M. Kaplan et al. discards by purse-seiners (IOTC, 2010b). French purse-seiners have begun to share FAD trajectories information with scientists at the national level. If this program can be generalized to include all purseseiners worldwide, this would be a major step in addressing concerns regarding potential FAD-induced ecological traps (Hallier and Gaertner, 2008) , ghost fishing (Franco et al., 2009) and uncontrolled fishing effort. Vessel monitoring systems (VMS) data, essential for accurately measuring fishing effort and determining fisher responses to spatial closures, is becoming more widely available, but trade secrecy concerns remain an impediment to efficient international collaboration on these issues (Hinz et al., 2012) . Although there are regular calls to provide access to 18 × 18 resolution longline data (IOTC, 2010c) and to improve estimates of artisanal fishery impacts (Herrera and Pierre, 2010) , progress on both fronts has to date been limited.
The most important fundamental research area for pelagic MPAs is the detailed quantitative assessment of habitat use and individual movement behaviour of target and non-target species. Behaviour information can be gleaned from fisheries data, archival tagging studies, satellite imagery and analyses of chemical tracers (e.g. in otoliths and other fish organs), but integrating these data sources into a coherent picture that spans the full fish life cycle remains a major challenge (Kaplan et al., 2010b) . Much emphasis has been placed on archival tagging studies because they can give accurate movement and behaviour information for individual fish over time-scales of days to years. This emphasis is justified, as these data have been essential for identifying regular movement patterns, habitat associations and diversity in movement behaviour among individuals (Jorgensen et al., 2010; Schaefer et al., 2011) . The number of published archival tag studies from the IO is currently very small (to our knowledge, there is just one study of two archival-tagged sharks; Filmalter et al., 2010) , and significantly more research is needed.
However, archival tagging studies are only part of the solution because they typically cover a fraction of an animal's life cycle, are often inappropriate for smaller species and juveniles, and remain prohibitively expensive, particularly when faced with a multitude of relatively rare bycatch species. Analysis of microchemical tracers, particularly when applied to calcifying structures such as otoliths, is an important avenue for assessing fish movement and ontogenetic habitat shifts (Kaplan et al., 2010b) . Although often more difficult to interpret, these techniques are applicable to a wider set of size classes and species than archival tagging. As such, they should not be ignored relative to archival tagging. Particularly interesting would be to combine archival tagging, microchemical analyses and fisheries observations with size-and/or species-specific ecological niche modelling (Kaschner et al., 2011; Reygondeau et al., 2012) to develop a full life-cycle image of animal behaviour.
Conclusions: a global perspective
Our review highlights the complexity of creating effective pelagic MPAs for mobile species. Even if an area includes important pelagic habitats potentially worthy of protection, the ultimate efficacy of spatial management efforts depends critically on spillover of individuals from reserve boundaries and fishers' ability to capture those individuals via effort reallocation (Grüss et al., 2011a (Grüss et al., , 2011b . The set of existing and hypothetical closures considered above roughly cover the gamut of currently feasible space-based management solutions for confronting these issues in the IO: large closures (IOTC time/area closure), and closures targeting juveniles (Somali EEZ, IOTC time/area closure), bycatch (IOTC time/area closure), spawners (hypothetical yellowfin and bigeye closures) and large adult individuals (Chagos EEZ). Overall, strong environmental fluctuations, regular seasonal variability in catch, large observed tuna displacement distances, relatively uniform cpue and bycatch rates over space, and high fisher mobility all suggest significant variability and movement in IO tropical tuna fisheries that are simply not well adapted to spatial management. One possible exception to this overall conclusion is the IOTC time/area closure, which targets prime fishing areas with significant levels of bycatch and juvenile catch. A similar sized, 3-month closure for FAD fishing in the Atlantic appears to have been briefly successful in reducing juvenile tuna catch before succumbing to weak RFMO enforcement (Goujon and Labaisse-Bodilis, 2000) . Nevertheless, the short, 1-month temporal extent of the IOTC closure, occurring during off-peak fishing periods, suggests that this closure as currently formulated may be of limited effectiveness. Furthermore, experience from the impacts of Somali piracy indicate that closures in the IO may simply export problems to other oceans and species as boats relocate their fishing effort elsewhere-unless similar spatial conservation measures are implemented in all tropical oceans.
Given this rather pessimistic assessment, one might ask is there no hope for spatial management of tropical tuna fisheries in the IO and elsewhere? To begin to answer this question, it is useful to consider what seems to be working worldwide. Essentially all existing offshore closures and MPAs that have demonstrated effectiveness have been developed to respond to a well-defined set of goals specific to a given ecosystem, either by being large and carefully placed to cover prime fishing areas (Goujon and Labaisse-Bodilis, 2000; Murawski et al., 2005) , or by using detailed studies of movement and population dynamics of one or at most a few species to carefully tailor closures to those species (Pichegru et al., 2010; Hobday et al., 2011; Gormley et al., 2012) . The IOTC time/area closure, if questions regarding its timespan can be resolved, is representative of a large closure targeting prime fishing areas. These types of closures are consistent with international calls for protecting large fractions of the world's oceans (of the order of 10 -30% by the CBD and others; Marinesque et al., 2012) . Existing pelagic MPAs based on detailed behaviour and population dynamics information have primarily been applied to seabirds, sea turtles and marine mammals because they are relatively easy to study, are often susceptible to anthropogenic pressures and have strong site and habitat fidelities. Though diversity of these species is highest in the southern IO (Cheung et al., 2005; Kaschner et al., 2011) , populations are also found in the tropical IO (Weimerskirch et al., 2010; Sheppard et al., 2012) , and French plans to protect its Scattered Islands territories are in part motivated by seabird conservation. Experience elsewhere suggests that relatively small reserves may benefit centralplace foragers during breeding periods by reducing spatio-temporal competition between birds and fisheries (Pichegru et al., 2010) , though longer time-series are needed to confirm these results (Butterworth et al., 2011) . Developing effective space-based conservation plans for these species will require additional investment in fundamental behavioural research, as well as careful identification of anthropogenic and non-anthropogenic threats. Furthermore, space-based conservation must be integrated into and weighed against other conservation options, such as gear modification and terrestrial impact mitigation, with some indicating that these later options can be more cost effective (Dutton and Squires, 2008) .
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